In the present paper, two types of proton-conducting materials with high viscosity, derived from zinc metaphosphate glass powders, are briefly reviewed. One possible material is a viscous gel prepared by the hydration of the glass powders. The conductivities of the hydrogels increased and the activation energies for the electrical conduction decreased with increasing the water content in the hydrogels. One of the possible applications is an electrolyte for electric double-layer capacitors. The other material is an organic-inorganic hybrid prepared utilizing the reaction of zinc metaphosphate glass powders with imidazole. The resulting anhydrous material showed excellent thermal stability. It showed high electrical conductivities at 110~180 o C. The activation energy for electrical conduction (~0.6 eV) was close to that for proton transport between basic heterocycle molecules. A hydrogen/oxygen fuel cell test using the material as the electrolyte showed the output power of 16 mW/cm 2 at 150 o C.
INTRODUCTION
A great deal of attention has been paid to fast proton-conducting materials because of their practical use in fuel cells, capacitors, and hydrogen sensors. [1] [2] [3] Such energy devices based on proton conduction are clean and can produce high energy without emission of harmful pollutants. A series of perfluorosulfonic polymer membranes such as Nafion ® 4 have been well-known as promising candidates due to their high conductivities. These membranes still have some problems for practical use because of chemical and mechanical degradation during prolonged usage at intermediate temperatures (100~200 o C). Some stable inorganic membranes with high conductivities have been researched in order to solve the problems. 5, 6 In the present paper, two types of proton-conducting materials derived from zinc metaphosphate glass powders are briefly described. One possible material is a viscous gel prepared by hydration of the glass powders. 7 Changes in their structure and proton conductivities of the hydrogels are shown. Another material is an organic-inorganic anhydrous hybrid prepared utilizing the reaction of the glass powders with imidazole. 8 The preparation of an anhydrous material, showing high proton conductivities at intermediate temperatures around 150 o C, with excellent thermal stability is described.
ZINC PHOSPHATE HYDROGELS
Zinc metaphosphate glass, ZnO·P 2 O 5 , was prepared by a conventional melt-quenching technique. The mixture of starting materials, which were reagent-grade ZnO and H 3 PO 4 (85% liquid), was placed with water in a Teflon ® beaker and stirred to make a slurry. The slurry was dried at ~200 o C overnight, and the resulting product was melted in a platinum crucible at 1300 o C for 30 min. The melt was poured on a stainless-steel plate and quickly pressed by an iron plate, resulting in the formation of plate-shaped glass pieces. They were pulverized by using an alumina mortar and pestle under 10 µm in diameter.
A mixture of the glass powders and distilled water (DW) was placed on a polystyrene dish. The dish was shielded with a polystyrene cover using vinyl tape for prevention from serious drying and then the sample was held at room temperature for a desired period to prepare zinc metaphosphate glass-derived hydrogels. The hydrogels with the weight ratios of 2:1, 1:1, and 1:2 are denoted as ZP/DW(2), ZP/DW(1), and ZP/DW(0.5), respectively.
When ZnO·P 2 O 5 glass powders were mixed with DW, the mixtures were converted into the viscous products with a strong exothermic reaction due to the heat of hydration. The mixtures were completely converted into the translucent gels after 2 days. 9 The formation mechanism 9, 10 of zinc metaphosphate glass-derived hydrogels has been proposed from 31 P MAS-NMR spectroscopic analysis, as shown in FIGURE 1. FIGURE 1(a) shows a long phosphate chain structure having ionic cross-links between the non-bridging oxygens of two different chains. When water is mixed with the metaphosphate glass powders with high surface chemical potentials, the hydration immediately starts with a strong exothermic reaction due to the heat of hydration and the breaking of phosphate chains occurs (FIG. 1(b) ). Zn 2+ ion is broken in part from the phosphate chain by chelating. This phosphate chain is relatively stable chemically and is preserved for a long period. Another phosphate chain, which is not bound by chelating, is coordinated with protons and the P-O bonding strength becomes weak. The chain is easily broken, resulting in the formation of orthophosphates. The water is introduced between the residual phosphate chains coordinated with Zn 2+ ion to form a viscous gel consisting of a variety of phosphate groups. As shown in FIG. 1(c), the glass-derived hydrogel containing water and numerous protons between the long phosphate chains forms.
For measuring the electrical conductivities for the above-described materials, the sample was filled in a silica glass tube of 8 mm inner diameter and 1 or 3 mm height. The glass tube filled with the sample was sandwiched between two platinum electrodes. The alternating current conductivities of the sample were determined from the Cole-Cole plots of the complex impedance with frequencies ranging from 1 Hz to 10 MHz. FIGURE 2 shows the temperature dependence of electrical conductivities for the ZP/DW(2~0.5) after the duration of the mixture consisting of the glass powders and DW for 3 days. The activation energies for the proton conduction of the ZP/DW(2), ZP/DW(1), and ZP/DW(0.5) gels were estimated to be 0.80, 0.29, and 0.16 eV, respectively. 9 When protons in sol-gel-derived P 2 O 5 -SiO 2 glasses are mobile through water molecules, the activation energies are estimated to be about 0.1 eV. 11 In conventional melt-quenched phosphate glasses, which generally contain hydrogen-bonded protons and almost no molecular water, protons are considered to move by jumping to the another site through ionic non-bridging oxygen and the activation energies have been reported to be about 1.20 eV. 12 The activation energies of the ZP/DW(2), ZP/DW(1), and ZP/DW(0.5) gels are higher than that of the sol-gel-derived P 2 O 5 -SiO 2 glasses and lower than that of the melt-quenched phosphate glasses; the hydrogels are proposed to have two proton conduction processes through water FIGURE 1. Schematic drawings of (a) zinc metaphosphate glass, (b) proton coordination with phosphate group and chelation of Zn 2+ ion due to hydration, and (c) the glass derived hydrogel.
molecules and ionic non-bridging oxygen. The conductivities of the ZP/DW(2), ZP/DW(1), and ZP/DW(0.5) gels showed 0.1, 2.8, and 8.9 mS/cm, respectively, at 30 ºC; the conductivities increased with increasing the water content. The conductivities are related to the water and proton contents in the hydrogels.
Electromotive forces (EMFs) were measured as a function of the hydrogen gas partial pressure for a hydrogen gas concentration cell using the hydrogel. 13 The linear relationship between EMF and relative hydrogen gas pressure was satisfied with Nernst's equation, indicating that hydrogen reacts according to In sol-gel-derived SiO 2 glasses, its activation energies for proton conduction decrease with the logarithm of the proton and water contents and are r e p r e s e n t e d b y f o l l o w i n g e q u a t i o n :
6 31 P MAS-NMR spectra showed that the contents of the Q 0 , Q 1 , and Q 2 groups between the ZP/DW(2), ZP/DW(1), and ZP/DW(0.5) were suggested to be almost comparable. 9 That is, the proton contents in the amorphous materials are also comparable and the term of log[H + ] among the amorphous materials is supposed to be constant. The 14, 15 The voltammogram shows an ideal capacitor behavior with a steep current charge at the switching potentials of 0 and 1 V, resulting in a rectangular-shaped i-V curve without the peaks of oxidation-reduction processes. Charge and discharge curves are almost symmetrical shape; the charge/discharge processes are reversible. The charge amounts were estimated by integrating the charge and discharge curves, and converted into specific capacities for ZP/DW(1); their specific charge capacity was 33.5 F/g, and specific discharge capacity was 33.0 F/g, respectively. ZP/DW(1) has high-rate capabilities between charge and discharge processes. The high open-circuit potential was retained within the experimental period. It is reported that the self-discharge behavior of EDLCs using the viscous gel electrolytes is much superior to that of EDLCs using liquid electrolytes. 17 Voltage retentionability FIGURE 5. Self-discharge curves of the EDLC cell with an electrolyte consisting of ZP/DW(1).
may be influenced by the amorphous material structure consisting of long polyphosphate.
The electrolytes having high conductivities show high dielectric constant and low internal resistance; the EDLCs consisting of the electrolytes have large specific capacity and small equivalent series resistance (ESR).
ZINC PHOSPHATE-IMIDAZOLE HYBRID MATERIALS
The zinc metaphosphate glass powders were mixed with imidazole (IM) under an ambient condition. The weight ratio of the glass powders to IM was 1:3. When the powder-mixture was heated at 130 o C for 24 h, the glass powders were completely dissolved, resulting in the formation of a viscous, transparent material (denoted by ZP/IM).
At room temperature, ZP/IM was a solid with transparency. The material was stable to humidity even after being stored for several days under an ambient condition. ZP/IM was examined for clarifying their structure by X-ray diffractometry, infrared spectroscopy and magic angle spinning nuclear magnetic resonance spectroscopy. 8 It was suggested that ZP/IM consists predominantly of Zn-coordinated IM [18] [19] [20] [21] and groups derived from IM and phosphoric acid 8 with IM
19
. At this stage, it is difficult to estimate their contents. The structure of ZP/IM may be proposed as shown in FIG. 6 .
Thermogravimetric analysis of ZP/IM showed that there is no significant decrease in the weight of ZP/IM to ~200 o C. 8 The three-dimensional structures connecting some of the Zn-coordinated IM units may be also included. These structures are believed to induce excellent thermal stability. IM and the groups derived from IM and phosphoric acid are also present FIGURE 6. Schematic drawing of the hybrid material ZP/IM structure. in the material. These groups may be attributed to the formation of the viscous material.
Bonding between Zn
2+ ion and the phosphate chain in the glass is attacked by a proton and easily broken. 9 Above the melting temperature of IM (90 o C), the chain structures are gradually broken and spontaneously Zn 2+ ions and ionic phosphate groups are released, resulting in the formation of Zn-coordinated IM with the groups derived from IM and phosphoric acid.
As shown in FIG. 7 , the electrical conductivities of ZP/IM at 110~180 o C were measured to be 0.2~4.0 mS/cm. The activation energy was estimated to be ~0.6 eV.
The activation energy for water-cooperative proton conduction has been reported to be 0.1~0.3 eV. 9, 11 As supported by TG analysis, ZP/Im includes almost no water. Its activation energy for the conduction is quite different from those of the water-cooperative type proton conducting materials. Proton transport by basic heterocycles has been reported to occur by movement from protonated molecules to nonprotonated neighbour molecules with a small activation energy of 0.4~0.6 eV. 22, 23 In ZP/IM, phosphate groups may work as proton donors to IM centres; protons transfer between the IM centres by a Grotthuss-type mechanism 1 . Zn-coordinated IM is supposed to be contributed to the improvement of thermal stability, not strongly to the proton conduction. Further investigation for clarifying the proton conducting mechanism is in progress.
For a fuel cell test, a membrane electrode assembly (MEA) using ZP/IM as the electrolyte was prepared. A catalyst layer was prepared on a carbon paper by applying catalyst ink containing platinum/carbon powders and ZP/IM. The fuel cell employed for the experiment was a single cell, and the test was performed with a cell temperature of 150 o C at ambient pressure and flow rates of dry hydrogen and oxygen of 15 and 85 mL/min into the anode and cathode sides, respectively. As shown in  FIG. 8 When zinc metaphosphate glass powders were mixed with water, their hydration immediately started with an exothermic reaction and the breaking in a part of phosphate chains occurred. The proton conductivities of the glass-derived hydrogel increased with increasing water content. The specific capacities of EDLCs consisting of ZP/DW electrolytes were suggested to be influenced by the proton conductivities.
A novel intermediate temperature proton conducting material was prepared utilizing the reaction of zinc metaphosphate glass powders with imidazole. The resulting material was a viscous, amorphous product and showed no decrease in weight even after heating at 200 o C. The anhydrous material, consisting of Zn-coordinated imidazole and imidazole/phosphoric acid composite groups with imidazole, showed high electrical conductivities at intermediate temperatures. The hybrid material has a great potentiality as the electrolyte for an intermediate temperature fuel cell.
